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Ni/Au contacts to p-GaN were studied as a function of free hole concentration
in GaN using planar transmission line measurement structures. All contacts
showed a nonlinear behavior, which became stronger for lower doping con-
centrations. Electrical and structural analysis indicated that the current
conduction between the contact and the p-GaN was through localized nano-
sized clusters. Thus, the non-linear contact behavior can be well explained
using the alloyed contact model. Two contributions to the contact resistance
were identified: the spreading resistance in the semiconductor developed by
the current crowding around the electrically active clusters, and diode-type
behavior at the interface of the electrically active clusters with the semicon-
ductor. Hence, the equivalent Ni/Au contact model consists of a diode and a
resistor in series for each active cluster. The reduced barrier height observed
in the measurements is thought to be generated by the extraction of Ga from
the crystalline surface and localized formation of the Au:Ga phase. The alloyed
contact analyses presented in this work are in good agreement with some of
the commonly observed behavior of similar contacts described in the litera-
ture.
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INTRODUCTION

Obtaining an ohmic contact to p-GaN is still a
major challenge, primarily for two reasons: (1) a
high acceptor activation energy in p-GaN resulting
in very low free carrier concentration,1 and (2) the
presence of an electronic barrier between the metal
contact and the p-GaN.2 Typically, Ni/Au is used to
form an ohmic contact on p-GaN by alloying in air at
around 400–600�C, but many of the reported contact
current–voltage (I–V) characteristics have been
observed to be non-linear.3 While some reports
attribute the ohmic characteristics to the formation
of a NiO-phase with semiconducting properties,4,5

other reports claim that the formation of Au:Ga
alloy phases at the p-GaN interface is responsible
for the ohmic behavior.6,7 Consequently, some

reports claim current conduction to occur homoge-
neously through the entire contact area, whereas
others propose conduction through isolated
clusters.3

In addition to the disagreement on the conduction
mechanism, the values of the specific contact resis-
tance reported in the literature vary by several
orders of magnitude.8,9 Since the contact I–V char-
acteristics, mostly obtained from planar transmis-
sion line measurement (TLM) structures, show a
non-linear behavior, the contact resistance needs to
be extracted following additional mathematical
analysis.10 On the other hand, transmission elec-
tron microscopy (TEM) studies showing a heteroge-
neous interface between the GaN and a grainy
metal overlayer11,12 have been used as supporting
evidence for the formation of an alloyed contact
configuration; however, a clear understanding of the
current conduction mechanism across the p-GaN/
metal interface has not yet emerged.(Received May 15, 2017; accepted August 29, 2017;
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This work studies contact formation to differently
doped p-GaN by examining I–V curves, interface
morphology, and interface chemistry of the
annealed Ni/Au metal stacks. A non-linear contact
analysis method was employed to identify the diode-
type and resistor-type contribution of the contacts in
TLM geometry. Finally, the non-linearity and con-
tact resistance dependence on free carrier concen-
tration was observed to emerge due to alloyed
contact formation on p-GaN. The alloyed contact
analyses are in good agreement with measurements
and behavior commonly observed in the literature.

EXPERIMENTAL

Mg-doped c-plane oriented GaN layers with free
hole concentrations between 1.1 9 1017 and
5.3 9 1018 cm�3 were grown on sapphire and single
crystal AlN substrates using a metalorganic chem-
ical vapor deposition (MOCVD) technique by a
vertical, cold-walled, rf-heated reactor. Ammonia
and triethylgallium (TEG) were used as precursor
gases. For doping, bis-cyclopentadienyl magnesium
(Cp2Mg) was used as a magnesium precursor.
Further details on MOCVD growth of p-GaN can
be found elsewhere.13–15 After growth, all samples
were activated with a 700�C, 20-min anneal in air
ambient. Following the activation, samples were
cleaned using acetone, methanol, and deionized (DI)
water, followed by dipping in 1% HF and hot 1:1
HCl:H2O solution. Next, 100 9 200 lm2 TLM con-
tact pads were formed on the activated samples
using conventional photolithography and Ni
(20 nm)/Au (40 nm) metal deposition by e-beam
evaporation in UHV (base pressure 1 9 10�9 Torr).
The contacts were then annealed at 600�C for
10 min in air. Hall measurements (using Van der
Pauw geometry) were performed to estimate the
free hole concentration (p), mobility (l) and resis-
tivity (q) of different p-GaN samples.

To verify the formation of an interfacial alloying
front, the Ni/Au contact metallization was removed
from the samples using hot aqua regia (3:1
HCl:HNO3), and the surface was analyzed by atomic
force microscopy (AFM). Separately, x-ray photo-
electron spectroscopy (XPS) was performed on a
thin Ni/Au contact on p-GaN to examine the contact
interface chemistry. I–V measurements were per-
formed using a Keithley 4200 SCS. All data in this
study were taken at room temperature.

RESULTS AND DISCUSSION

TLM analysis allows for the extraction of the
contact resistance from a planar configuration. For
Ni/Au contacts on p-GaN, the I–V characteristics
appeared to be roughly linear when the distance
between the contact pads was relatively large, as
shown in Fig. 1a. However, the non-linearity
became obvious as the pad distance is decreased.
In a first-order approximation, the I–V

characteristics shows a threshold characteristics at
low voltages, followed by a nearly linear I–V
relationship at higher voltages representing the
resistance of the semiconductor channel underneath
the contact. Thus, for the case of non-linear I–V
characteristics, the conduction path consists of two
back-to-back diodes, and the contact resistance
should be extracted from the I–V characteristics
segment after the reverse-biased diode breaks down
(as shown in Fig. 1a). Consequently, in an equiva-
lent circuit model, the planar resistance needs to be
represented by a lateral resistive transmission line
in the semiconductor, in conjunction with laterally
distributed interfacial metal semiconductor junc-
tions consisting of local contact resistance in series
with a diode, as shown in Fig. 1b. The purpose of
representing several diodes in series with resistors
for each Ni/Au contact is to represent the alloyed
contact model, which will be discussed later in this
paper. Thus, equivalent contact seems to have a
diode in series with a resistor for each Ni/Au contact
(as shown in Fig. 1a); however, each diode repre-
sents several diodes connected in parallel configu-
ration in the actual contact model (as shown in
Fig. 1b). Note that the I–V characteristics are
symmetrical, implying that, when one contact goes
into reverse breakdown, the other contact is for-
ward-biased. Therefore, the threshold component in
the I–V characteristics is representative of the
reverse breakdown of diodes (indicated by a reverse
breakdown voltage, VRBD, in Fig. 1a) after which
the current is limited by the resistive contributions.
Hence, the contacts are highly resistive until the
reverse-biased diode goes into breakdown, and
contact resistance measurements at voltages lower
than VRBD can be misleading. A least square fit of
the current has been used to estimate the resistive
contribution (R), whereas the x-intercept has been
used to estimate the values of VRBD.

This non-linear contact analysis using diode and
resistive contributions was employed to determine
the dependence of all circuit parameters (namely,
the channel sheet resistance, contact resistance,
and the non-linear junction properties) on free
carrier concentration on different p-GaN samples.
Figure 2a shows the I–V characteristics for Ni/Au
contacts for samples with different free hole con-
centrations and a TLM pad distance of �15 lm. All
elements, namely the channel sheet resistance, the
contact resistance and the junction threshold volt-
age, showed dependence on free carrier concentra-
tion. It is important to note that the reverse and
forward junctions are in series in the TLM pattern;
the voltage drop across the forward-biased junction
is usually neglected, as it is not directly accessible in
a symmetric pattern.

As shown in Fig. 2b, the dependence of the VRBD

on free carrier concentration was roughly linear.
This was expected as the reverse breakdown voltage
should be related to the near surface depletion layer
and, thus, scale with the free carrier concentration.2
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As expected, VRBD was independent of the channel
length (contact spacing) and all I–V characteristics
for a given carrier concentration showed similar
VRBD, regardless of the channel length (Fig. 1a).
Also, the I–V characteristics were nearly linear
after VRBD, and the second order non-linear contri-
bution was observed to be <10% of the linear
contribution in the quadratic least square fit. The
non-linearity may be arising due to factors like
Joule heating at the current conduction site under
the contact. Further, the error margin associated
with the x-intercept (VRBD) and the first-order
coefficient of the least square fit (resistance, R)
was observed to be £1%. The contact resistance, Rc,
was extracted from the I–V characteristics above
VRBD with contact pad distance extrapolated to
L = 0, as shown in the inset of Fig. 2b.

The specific contact resistance, qc, was deter-
mined from Eq. 1, assuming that the sheet resis-
tance underneath the contact was equal to the
channel sheet resistance16:

qc ¼
R2

cw
2

Rs
ð1Þ

where w is the width of the TLM pads (200 lm in
this case) and Rs represents the sheet resistance of
p-GaN (unit: X/h). Table I represent different con-
tact analysis parameters obtained in this study.

Plotting the specific contact resistance (qc) as a
function of free carrier concentration resulted in an
inverse linear relationship, as shown by the red
squares in Fig. 3. Figure 3 also shows a comparison
with the literature data for different types of
contacts. Interestingly, literature reports on Ni/Au
contacts on p-GaN show a similar tendency to the
one determined here, albeit with significant scatter.
Generally, higher free carrier concentration led to
lower qc. The inverse relationship between qc and
free carrier concentration is a fingerprint of classical
alloyed contacts. In an alloyed contact, the interface
between the distributed vertical junctions and the
semiconductor channel is heterogeneous and can be
modeled by a random distribution of active clusters
responsible for the vertical current transfer. A
model for such an alloyed contact configuration
was first developed in the early 1980s by Braslau
et al.,38 who labeled active clusters as protrusions. A

Fig. 1. (a) I–V characteristics of Ni/Au TLM structures on p-GaN with different contact spacing; (b) equivalent alloyed contact model of the Ni/Au
TLM contact. Each diode represents a cluster site under the contact responsible for current conduction, and the contact resistance (Rc) extracted
from the TLM analysis represents the parallel combination of resistances offered by the individual cluster site (r

0

c).

Fig. 2. (a) I–V characteristics of Ni/Au contacts on p-GaN with different free carrier concentrations (the dotted line shows the extraction of VRBD

and R for the sample with p = 5.4 9 1017 cm�3); (b) dependence of the VRBD on free carrier concentration, p. Inset shows the extraction of
contact resistance for the sample with p = 5.4 9 1017 cm�3.
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schematic of the alloyed contact model for the Ni/Au
contact on p-GaN is shown in Fig. 4.

Within this model, the specific contact resistance,
qc, has two components: (1) a series resistance in the
semiconductor influenced by current crowding in
the active clusters, and (2) a metal/semiconductor
interface resistance around the electrically active
protrusion. This is described as38:

qc ¼ a2
p

q
prp

þ r
0
c

2fpr2
p

" #
ð2Þ

where ap is the mean separation between the
protrusions, rp is the mean radius of the

protrusions, r
0
c is the specific contact resistance of

protrusions, f is the field enhancement factor, and q
is the resistivity of the semiconductor. The first
term in Eq. 2 leads to an inverse relationship
between the contact resistance and free carrier
concentration. The second term can typically be
neglected when considering a large field enhance-
ment factor and an ideal tunneling through a thin
barrier across the active protrusion interface.38

However, in our case, the charge transfer from the
metal to semiconductor does not seem to be by the
ideal tunneling through a thin barrier, since a
reverse breakdown threshold is observed in the I–V
characteristics. Moreover, there is also a clear
dependence of the reverse breakdown voltage on
free carrier concentration as expected for the
reverse breakdown of a metal/semiconductor junc-
tion (see Fig. 2). Thus, the active protrusions still
bring about a residual interfacial barrier, and can
be described as a combination of a diode and a
resistor in series, as shown schematically in Fig. 1b.
The model also indicates that a higher conductivity
of p-GaN results in better contact formation.

All contacts compiled in Fig. 3 were annealed in air
at moderate temperatures of around 600�C. Accord-
ing to the current understanding of contact formation
in the Au/Ni/p-GaN system, annealing in air forms a
stable nickel oxide phase (NiO),4 with Au remaining
intact. However, it has been observed that the metals
undergo a reversal following the contact anneal,
resulting in the formation of a Ni/Au/p-GaN inter-
face.4,11,17 It is speculated that the oxygen enters into
the Ni film through the imperfections in the Au layer,
creating local paths for the diffusion of Au towards the
p-GaN surface.4,12 Once Au reaches the p-GaN sur-
face, it forms localized clusters of an Au:Ga alloy. As a
result, Ga is leached out of GaN, generating a Ga-
deficient interface,3,7 which is thought to be respon-
sible for a Ga-vacancy concentration profile that
generates low-barrier, electrically-active clusters.

In order to gain some more insight into the
contact formation mechanism, we removed the
metallization following the contact anneal using a
hot aqua regia solution, and as a control also
subjected a pristine p-GaN film to the same chem-
ical and anneal treatment. Figure 5 shows AFM
topographs comparing the two etched p-GaN sur-
faces: (a) contact-free pristine surface and (b) con-
tact formation and removal of the Ni/Au
metallization. The contact-free surface showed a
nearly defect-free step flow morphology with an
associated RMS roughness of around 1 nm. After
contact alloying, the step flow morphology was
preserved with no increase in roughness, but the
surface became decorated with nm-sized clusters
(on the order of 100 nm). Note that the pristine p-
GaN surface and the surface with the annealed Ni/
Au contact were subjected to similar chemical
treatments. The nearly defect-free surface observed
in Fig. 5a clearly indicates that the pristine surface

Table I. Contact analysis parameters obtained
from different p-GaN samples

p (cm23) l (cm2 V21 s21) q (X cm) qc (X cm2)

5.3 9 1018 1.6 0.7 1.4 9 10�4

5.4 9 1017 9.6 1.2 1.8 9 10�3

2.5 9 1017 19.1 1.3 6.4 9 10�3

1.1 9 1017 21.4 2.6 1.6 9 10�2

Fig. 3. Dependence of qc on free carrier concentration, p, for dif-
ferent p-GaN samples. The plot also shows the literature reports of
qc for Ni/Au and X/Au contact, where X is Pt, Pd, or Cr.5,8,9,16–37

Fig. 4. Schematic of the alloyed contact model for Ni/Au contact on
p-GaN. Active clusters surrounded by a spherical resistance act as
the current transfer site.
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was preserved even after exposing the sample to
several anneal and chemical treatments, and that
the formation of clusters solely due to a chemical
reaction with the p-GaN surface could be excluded.
Thus, the AFM topography in Fig. 5b has to be
related to the contact formation which suggests that
the contact formation is not uniform but rather in
isolated clusters, which facilitate current flow. This
would be consistent with the expectation that these
nm-sized defects represent the alloying front of the
electrically-active clusters that act as the current
transfer sites. The shadows observed in Fig. 5b near
the clusters were due to the height of the pillar-like
clusters where the AFM tip deflects more than the
surface step height. To a first-order approximation
of Eq. 2 (considering rp � 30–50 nm), the value of
mean separation (ap) between the clusters becomes
�1–2 lm, which is in a good agreement with the
cluster topography observed in Fig. 5b.

Further, to gain some insight into the interface
chemistry between the p-GaN and metallization, a
thin Ni (1.5 nm)/Au (3 nm) contact was deposited on
p-GaN by e-beam evaporation in UHV and annealed
in air at 600�C. The thinness and porosity of the
contact allowed for the XPS investigation of the
interface; details on determining the Schottky barri-
ers and the chemical state of the surface elements are
described elsewhere.39 It was found that a lower Ga
3d binding energy generally indicates a lower Schot-
tky barrier and that a chemical change of Ga from the
nitride to metal results in a decrease of the Ga 3d
binding energy.40 A perusal of the XPS scan pre-
sented in Fig. 6 reveals the main Ga 3d peak from p-
GaN at �19.2 eV and the emergence of a shoulder on
the low-energy side. Deconvolution and quantitative
analysis of the two peaks reveal that the intensity
ratio is similar to the surface cluster coverage in
Fig. 5b. In addition, the binding energy of 17.4 eV
reveals the possibly metallic nature of the shoulder
peak corresponding to Au:Ga alloy. Further, this
finding also qualitatively supports the cluster forma-
tion model where Ga is extracted from the p-GaN

lattice during the alloying process, producing field
enhancement depletion regions that reduce the effec-
tive Schottky barrier (�0.4 eV). Thus, the clusters
observed in the AFM images seem to represent the
areas where Au has leached Ga out the p-GaN lattice
to form an Au:Ga alloy and a current transfer site.
Note that the I–V characteristics observed in Fig. 2a
are marginally asymmetric, and the asymmetry may
be caused by factors like lithography-induced pad-to-
pad variation and minor variation in the barrier
height or cluster size under the contact.

Finally, the hypothesis of clustered contact for-
mation on p-GaN was verified by current conduction
through a non-annealed Ni/Au contact deposited on
intentionally formed Au:Ga phases. For this, a 30-
nm Au was deposited on an activated p-GaN
sample, and was annealed at 650�C for 15 min
under vacuum to avoid any oxidation. In this
process, Ga is expected to diffuse into Au resulting
in the formation of Au:Ga phases at the interface of
p-GaN, as verified by the XPS studies. Au was then
removed using boiling aqua regia solution. Ni/Au
TLM contacts were then deposited and patterned,
but the contacts were not annealed. For comparison,
a standard Ni/Au contact was also deposited on a
control sample taken from the same p-GaN wafer.
The control sample was annealed at 600�C for
10 min at air ambient for contact formation (similar
process steps were followed in Fig. 2). Figure 7
shows the comparison of current through the non-
annealed Ni/Au contact and the standard Ni/Au
contact having a similar TLM pad distance. The
non-annealed Ni/Au contact showed comparable
current conduction to that of the standard Ni/Au
annealed contact. Thus, conduction through the
non-annealed Ni/Au contact can be attributed to the
formation of clustered Au:Ga phases formed after
annealing Au on p-GaN, consistent with the AFM
analysis shown in Fig. 5. Consequently, the Ni/Au
contact showed conduction through these clusters
without a contact anneal. A higher current and
lower reverse breakdown voltage in the non-

Fig. 5. AFM topography of (a) contact-free p-GaN surface, and (b) p-GaN surface after removing the Ni/Au contact.
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annealed Ni/Au contact sample may be due to the
formation of clusters with a higher field enhance-
ment, or the generation of higher numbers of Au:Ga
phases at the interface. Wang et al. recently
reported a similar non-annealed contact formation
on p-GaN after removing the previously annealed
contact.41 All these point toward optimization tech-
niques that can be adopted to achieve a superior
contact performance. Thus, the alloyed contact
model analysis seems to be in a good agreement
with some of the common observations in Ni/Au
contact formation on p-GaN: the metal reversal
during the contact anneal,11 formation of isolated
clusters,4 dissolution of Ga into Au or formation of
Au:Ga alloy phases,7 etc. This conclusion implies
the necessary timing requirements: (1) the oxida-
tion should be limited to the Ni while the Ga-oxide
formation should be avoided, and (2) it should allow
for metal reversal and the formation of the Au:Ga
alloy.

The following discussion can be added based on
this structural information and the electrical

performance analyses of Ni/Au contact to p-GaN.
The nm-sized active clusters with a low barrier
height (�0.4 eV) surrounded by a high barrier
height periphery (of approx. 2 eV) will indeed result
in a strong spherical current distribution and a very
small turn-on voltage in the forward direction.
Thus, it seems justified to neglect a barrier behavior
in the forward-biased part of the TLM contact pair.
On the other hand, the cluster may be electrically
pinched off at high reverse bias by the surrounding
space charge layer, resulting in a relatively high
reverse breakdown voltage depending on the free
carrier concentration. To minimize any contact non-
linearity, two conflicting requirements need to be
balanced: in reverse, pinch-off needs to be avoided,
thus cluster size, doping level and associated free
carrier concentrations need to be above a minimum
critical value; while in the forward direction, a high
current injection enhancement factor is necessary,
making nm clusters preferable.

CONCLUSIONS

Non-linear behavior of the Ni/Au contacts to p-
GaN annealed in air at 600�C was studied. TLM
contact analysis showed a threshold characteristics
at low voltages, followed by a nearly linear I–V
relationship at higher voltages. Both electrical and
structural analyses suggested classical alloyed con-
tact formation with active clusters responsible for a
localized current transfer. A contact spreading
resistance generated by the current crowding at
the active cluster could be identified, yielding a
linear relationship of contact resistance with
inverse free carrier concentration. Hence, the equiv-
alent contact model consists of a diode in series with
a resistor representing the diode-type and resistor-
type contribution from each active cluster. The
formation of Au:Ga alloy phases after the contact
anneal is thought to result in a reduction of the local
barrier height of the active clusters. The active
current transfer sites show three distinct charac-
teristics: (1) a high current injection efficiency
under the forward bias resulting in current crowd-
ing and an associated semiconductor spreading
resistance, proportional to the inverse of the free
carrier concentration in the bulk, (2) a residual
barrier of the transfer site with very small turn-on
voltage in the forward bias condition, and (3) a free
carrier-dependent reverse breakdown behavior. The
alloyed contact analyses based on the above obser-
vations are also in a good qualitative agreement
with commonly observed behavior described in the
literature. While the presented model gives impor-
tant qualitative insight into Ni/Au contact forma-
tion to p-GaN, much more work is needed for the
development of a quantitative model.
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